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Our Sun
Super exciting right?
Sunset in Bangladesh, 2004 NASA
https://ntrs.nasa.gov/search.jsp?R=20190027027 2019-09-26T19:02:50+00:00Z
2008 eclipse, ApJ, 10.1088/0004-637X/719/2/1362
Petroglyph in Colorado
Drawings of eclipses in ~1800-1900
~1000 AD, De temporibus anni, Aelfric
Activity
Get in a group (~2-4 people) with your 
nearest neighbors 
Record your answers.
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How Hot? 
What are your ideas? 
 
Below are images of nine objects.  Arrange the pictures in order of how hot they are, from coolest to 
hottest. Write down and keep track of questions that arise as you order the images. 
 
 
 
 
 
Sunspot 
 
 
The Sun’s Corona 
(“atmosphere”) 
 
 
 
Earth’s Core 
 
 
Meteor 
 
 
The Sun’s Core 
 
 
 
 
Surface of the Sun 
 
 
Volcanic lava 
 
 
Comet 
 
Lightning 
 
Order from coolest to hottest
A B C
D E
F
G H I
Answer
Source: http://solar-center.stanford.edu/activities/HowBig/How-Big-Far-Hot-Old.pdf
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Discussion Notes for Solar Survey  “How Hot?” 
 
One order for the images, from coolest to hottest, is: 
 
1  
 
 
Comet 
 
NASA 
image 
Comets glow from reflected light from the Sun, so the 
temperature on a comet will vary by its position in its orbit. 
When at its farthest from the Sun, its temperature falls to as 
low as -269°C (- 450° F or 4 K), the effective temperature of 
outer space.  When closer, the part exposed to direct sunlight 
can easily reach 100°C (212° F) or higher when close to the 
Sun. Many participants may have trouble with the temperatures 
of meteors and comets. 
 
2  
 
 
Volcanic 
Lava 
 
 
Wiki 
 
800-1100 C (1450° to 2000° F), depending upon its 
chemical composition 
 
3  
 
 
Sunspots 
 
New Jersey 
Institute of 
Technology’s 
New Solar 
Telescope 
 
 
3500° C (6300° F or 3700 K) 
People usually know that sunspots are “cooler” than the 
Sun’s surface, but they are still very, very hot!   
4 
 
 
Meteor 
 
Wiki 
Commons 
image 
These objects vaporize and ionize at thousands of degrees 
Kelvin, roughly the surface temperature of the Sun. 
5 
 
 
Sun’s surface 
 
Hinode’s Solar 
Optical 
Telescope 
5500° C  (10,000° F  or 5800 K) 
Comet 
-450°F to 00°F
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Sun’s surface 
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Sun’s surface 
 
Hinode’s Solar 
Opti al 
Telescope 
5500° C  (10,000° F  or 5800 K) 
Suns ot 
6300°F
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Sun’s surface 
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Optical 
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Meteor 
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Sun’s surface 
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Sun’s surface 
6000°K 
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6 
 
 
Earth’s 
Core 
 
Wiki - 
Kelvinsong 
6000° C (10,800° F or 6275 K).  The Earth’s core is a tad 
hotter than the Sun’s surface.   
http://www.sci-news.com/physics/article01040.html 
 
7 
 
 
Lightning 
bolt 
 
C. Clark, 
NOAA Photo 
Library 
 30,000° C (54,000° F or 30,000 K) 
The air around a lightning bolt can reach as high as 30,000° 
C. That's about five times hotter than the surface of the 
Sun. When the air gets that hot, it expands faster than the 
speed of sound, and the compressed air around it sends out 
a quick shock wave -- producing thunder!  
 
 
 
8  
 
 
Sun’s corona 
 Luc Viatour  www.Lucnix.be 
5 million degrees C (9 million degrees F or 5 million K) 
Participants should have no trouble guessing that the 
Sun’s core is the hottest, but they could be surprised to 
learn that the Sun’s corona is much, much hotter than its 
surface.  The increase in temperature in the corona has 
been a mystery for years, and may be a result of energy 
released from magnetic reconnection and a carpet of 
mini-flares happening at the surface and in the transition 
region above the surface into extending into the corona. 
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Sun’s core 
 
Wiki - 
Kelvinsong 
 
5 million degrees C  (27 million degrees F or 15 million K) 
 
  
Eart ’s core 
6200°K 
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A
G
H
D
F
C
I
B
E
Source:NASA (several million K)
(6000-20,000 K)
(5800 K)
(15 million K)
Source:NASA (several million K)
(6000-20,000 K)
(5800 K)
(15 million K)
The Core
source: http://lasp.colorado.edu
The outward push of 
pressure is balanced 
everywhere by the inward 
pull of gravity
Pressure, gravity, 
and density, are 
greatest at the core.
pressure 
gravity
The Core
source: http://lasp.colorado.edu
pressure 
gravity
High densities at 
the core enable 
nuclear fusion. 
Hydrogen is combined 
into Helium, releasing 
energy (E=mc2) as light 
and heat.
Source:NASA (several million K)
(6000-20,000 K)
(5800 K)
(15 million K) Magnetic field
The Sun, like the Earth, has a global magnetic field. 
N
S
Phases of Matter
temperature
solid
liquid
gas
plasma
Motion of 
Plasma
• Microscopic level 
• Individual particles follow 
Maxwell’s equations 
• Particle-in-cell (PIC) simulations 
of many  particles.  
• Macroscopic level 
• Plasma acts as a fluid that 
reacts to the magnetic field 
• Magneto-hydro-dynamics 
(MHD)
Lu et al. 2016 
doi:10.1088/1367-2630/18/1/013051
Lynch et al. 2016 
doi:10.3847/0004-637X/826/1/43
Frozen-in-flux
• Induction equation (Ampere’s law, Faraday’s law, Ohm’s law): 
• Almost all astrophysical plasmas have very small magnetic 
diffusivity, η. (hotter plasmas have lower diffusivity) 
• I.2 >>I.1 
• The fluid motion is tied to or ‘frozen into’ the magnetic field. 
(figure 2.17 on p 89 of your book) 
p(x, t) Pressure. This is the sum of electron pressure and proton pressure. Any parcel of
the fluid feels inward force −p da acting on each of its outward-facing surface elements
da. The internal energy density of the fluid (i.e. energy in thermal motions) is ε = 32p.
B(x, t) Magnetic field. This is the fundamental field in MHD. J and E are derived from it
rather than the other way around, as is more common in electrodynamics.
MHD equations The fields described above evolve according to the governing equations
which are MHD. The following is a common version of these equations1
∂ρ
∂t
= −∇ · (ρv) Mass continuity
ρ
∂v
∂t
+ ρ(v ·∇)v| {z }
M.1
= − ∇p|{z}
M.2
+
1
4π
(∇×B)×B| {z }
M.3
+ ρg|{z}
M.4
+ ρν∇2v| {z }
M.5
Momentum
∂p
∂t
+ (v ·∇)p = − γp(∇ · v) Adiabatic gas law
∂B
∂t
= ∇× (v ×B)| {z }
I.1
+ η∇2B| {z }
I.2
Induction
Parameters of the plasma
γ The adiabatic index of the gas. Protons and electrons are point particles so γ = 5/3.
ν Kinematic viscosity. This is a diﬀusion coeﬃcient, and therefore has units of cm2/sec.
According to classical kinetic theory (way beyond our scope here) viscosity arises from
collisions between particles.
η The magnetic diﬀusivity. A diﬀusion coeﬃcient (i.e. units of cm2/sec) describing the
diﬀusion of magnetic field through a conductor. Writing Ohm’s law as J = σE, the
magnetic diﬀusivity is η = c2/4πσ. Collisions between electrons and protons drifting
past each other (at speeds much less than either thermal speed) lead to a diﬀusivity
η = 0.14m1/2e e2c2 (kBT )−3/2 lnΛ. Ignoring the logarithmic dependence on density
contained in lnΛ, η depends only on the temperature of the plasma with which it
scales inversely — hotter plasmas are less resistive.
Dimensionless numbers: Whether or not we care about a give term in the MHD equa-
tions depends on how large it is compared to other terms. Terms are compared by assigning
to each field some characteristic value and to each spatial derivative the inverse of a char-
1Most variations of MHD involve variations in the energy equation. The adiabatic gas law is the simplest
possibility. More elaborate versions can include thermal conduction, heating from viscous and resistive
losses, and radiative cooling.
2
Plasma-β
• Plasma-β is the ratio 
of plasma pressure to 
magnetic pressure. 
• In the photosphere 
the plasma moves 
the magnetic field. 
• In the corona the 
magnetic field moves 
the plasma.
80 G. A. GARY
Figure 3. Plasma beta model over an active region. The plasma beta as a function of height is shown
shaded for open and closed field lines originating between a sunspot of 2500 G and a plage region
of 150 G. (The plage curve can also represent older, decaying active regions that have no umbral
features.) The diamond symbols mark the photospheric and coronal example points used in the text.
Various data indicate that β approaches unity at relatively low heights in the mid-corona as explained
in the text.
selected flux tubes, are not used. Using these pressures would increase β and would
have β reaching unity lower in the corona. The two side boundaries of the shaded
regions in the β model are generated by the plage and umbra magnetic models of
Figure 1. For very strong magnetic fields above the umbra the plasma-β remains
less than unity but β > 0.1 near the photosphere and at the upper corona. However,
outside these umbra regions in the plage regions representing most of an active
region, the plasma-β is > 1 at the photosphere and in the upper corona. In the
G.A. Gary 2001 
doi:10.1023/A:1012722021820
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γ The adiabatic index of the gas. Protons and electrons are point particles so γ = 5/3.
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Solar Dynamo
Spinning plasma drags the magnetic field.
Source:SOHO (ESA/NASA)
Sunspots
NASA SDO/HMI image, January 2014 
Sunspots form where 
concentrated magnetic field 
emerges through the photosphere. 
Sunspots Smaller sunspots are about the size of the Earth.
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Sunspots Strong magnetic field threads through sunspots.
Magnetic field lines
Sunspots
Strong vertical field inhibits 
convection, making sunspots 
cooler than the surrounding 
photosphere. 
Magnetic field lines
convective cells
Sunspots 
T~4500K
Photosphere 
T~5800K Sunspot
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Dutch Open Telescope -  1 April 2001
Active regions
source: NASA Scientific Visualisation Studio
Heliosphere
The bubble-like volume surrounding solar system caused by 
the solar wind. Outside the heliosphere is interstellar space. 
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The dynamic corona
PROBA2/SWAP movie of 3 solar rotations
Eruptions
Major disturbances in the heliosphere are caused by massive 
explosions in the Sun’s atmosphere: coronal mass ejections. 
NASA LASCO C2 movie
Quiz
How fast are these eruptions?
✊ ✋ #
5 m/s 5 km/s 500 km/s
Quiz
How massive are these eruptions? 
(1 m3 of water = 1000 kg = 1 metric ton)
✊ ✋ #
1 km3 
109 m3
1000 km3 
1012 m3
100,000 km3 
1015 m3
Eruption statistics
• How massive? 1 cubic km3 of water 
• How fast? About 500 km/s (1.1 million mph) 
• How much energy? ~20x yearly human energy use.
Activity cycle
solar minimum
solar maximum
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MSFC Sounding Rocket
CLASP launch 3 September 2015, White Sands Missile Range
LASP Sounding Rocket
Thank
   you!
laurel.rachmeler@nasa.gov
